Introduction {#Sec1}
============

To fertilize an egg, mammalian sperm must travel thousands of its body lengths in the reproductive tract. While passing the cervix, uterus and oviduct, spermatozoon encounters different geometric structures, viscosity, pH, and temperature^[@CR1],[@CR2]^. Over the course of evolution, spermatozoa of different species have developed a whole range of mechanisms and strategies to pass the obstacles and reach the egg^[@CR3],[@CR4]^. These mechanisms include surface following behavior^[@CR5]^, rheotaxis^[@CR6],[@CR7]^, chemotaxis^[@CR8],[@CR9]^, and thermotaxis^[@CR10],[@CR11]^.

Motility is one of the key features of spermatrozoa that allows for successful fertilization. Spermatozoa motility is provided by the flagellum periodical beating which, coupled with elastic flagellum-fluid interaction, makes the flow around the cell irreversible thus generating cell propulsion. To balance the moment of forces occurring due to flagellum motion, the cell head rotates^[@CR12],[@CR13]^. Depending on the environmental conditions (temperature, viscosity) cells can swim in a variety of hydrodynamic modes that correspond to different types of three-dimensional trajectories: typical, helical, hyper-helical, hyper-activated or chiral ribbons^[@CR14],[@CR15]^, and exhibit different patterns of flagellum beating^[@CR16]^. Recently, different patterns of sperm behavior were observed in mice using *in vivo* optical coherence tomography^[@CR17]^.

Female reproduction tract has a complex 3-dimentional structure with large surface-to-volume ratio covered with cilia^[@CR2],[@CR18],[@CR19]^. Between the secondary folds of mucosa of the tract, sperm can be stored for many hours waiting for ovulation^[@CR20]^. Recent experiments on spermatozoa of various types of mammals and bacteria, as well as numerical simulations show that hydrodynamic interaction of cells with a solid boundary leads to their surface accumulation^[@CR21]--[@CR25]^. In most cases, the flagellum-beating pattern near a surface remains three-dimensional with helical structure^[@CR26]^. Despite the fact that for all human sperm cells, the direction of flagellum beating plane rotation seen from head-on is counter clockwise, there are two kinematically distinct swimming states differing in the cells' turning direction against the fluid flow due to rheotactic behavior^[@CR27]^. The cell turning direction strongly correlates with the angle between the midpiece and the head of the cell. Moreover, cells located at a distance of less than 1 μm from the surface can switch into a two-dimensional "slither" swimming mode, which is distinguished by the planar flagellum beating in the boundary plane^[@CR28]^. For human sperm, such a swimming mode can only occur if viscosity of the medium is more than 20 mPa\*s. In the presence of multi-scale surfaces, cells can concentrate near structures with lower dimensions. In rectangular microchannels, they concentrate in the corners due to interaction with the walls^[@CR29],[@CR30]^. By designing channels of a particular geometry, it is possible to control the swimming direction hence arranging cell flows^[@CR5]^.

The ability of spermatozoa to move along the surface boundaries, as well as against the fluid flow, correlates with a low level of DNA fragmentation^[@CR31],[@CR32]^. Nowadays, this phenomena is being used for development of microfluidic devices for cell selection for IVF or ICSI procedure^[@CR33]--[@CR35]^, as it has been shown that low DNA fragmentation and high swimming velocity of sperm cells correlate with success of IVF and ICSI^[@CR36],[@CR37]^. Recent studies show that selection of motile spermatozoa in the sorting microfluidic devices displays significant advantages compared to traditional methods of swim-up and centrifugation in a density gradient^[@CR38]--[@CR40]^.

Due to the fact that millions of cells are injected during coitus into a female reproduction tract, spermatozoa rarely swim alone. Thus, it is important to study cell-cell interactions and their influence on the navigation process. The fluid velocity field created by a sperm cell in bulk or near a wall is similar to that generated by a bacteria E.coli and can be described by the force dipole approximation with a good accuracy^[@CR41],[@CR42]^. Superposition of fluid flows induced by two cells cause hydrodynamic dipole-dipole interaction between them. At high concentrations, this leads to synchronization of the flagella beating and the emergence of collective behavior^[@CR43]--[@CR45]^. In case of sea urchins spermatozoa, cell-cell interaction leads to formation of self-organized vortex arrays^[@CR46]^, and in case of ram spermatozoa and E.coli -- to formation of self-organized direct flows in microchannels^[@CR47]^. Nevertheless, it is not completely known how the presence of different types of kinematic swimming modes of the cells, characterized by different types of trajectories and flagella beating patterns, affects cell-cell interactions and navigation in a female reproduction tract. Understanding the influence of cells' kinematic states on collective behavior is difficult due to high concentration of cells when such behavior starts playing significant role^[@CR48],[@CR49]^.

In this work, we used sperm accumulation in the corners of rectangular microchannels^[@CR29]^ to study cell-cell interactions. The total concentration of cells in the channels was relatively low, thus it was possible to track individual cells on the lower wall (the wall closer to the objective of an inverted microscope) and divide them into two kinematic states, which are cells turning left and cells turning right if observed from a direction normal to the wall. Our results show that cells moving in opposite directions organize into "four-lane" flows with similar structure, which has been universally observed in all microchannels connecting sperm-filled chambers. This self-organisation strongly depends on cell concentration and is caused by cell-cell interactions that lead to cells switching from one kinematic state to another.

Results {#Sec2}
=======

To study spermatozoa cell-cell interactions, we have developed a microfluidic device that contains 16 rectangular microchannels with a length of 5 mm (Figs. [1a](#Fig1){ref-type="fig"} and [S1](#MOESM1){ref-type="media"}). Microchannels connect two chambers, into one of which motile cells from the seminal fluid are guided using asymmetric one-way microchannels proposed earlier^[@CR5]^. The inlets and outlets of the device were sealed hence there were no fluid flows in the channels. After 15--20 minutes the experiment started, the concentration of motile cells in the chambers on both sides of the microchannels was equalized and the total number of cells moving in both directions in the channels became similar. Due to the fact that sperm cells accumulate on surfaces^[@CR26]^ they enter the microchannels mostly from the upper and lower walls of the chambers (Fig. [1b](#Fig1){ref-type="fig"}). When in the channels, spermatozoa continue to swim along the upper and lower walls concentrating in the corners with the cell concentration on the sidewalls and in the bulk close to zero. To confirm that the number of cells in the bulk and on the sidewalls is low, we calculated the number of the out-of-focus cells near the bottom walls of the channels. In all our experiments the number of such cells was 11--25% (Fig. [S2](#MOESM1){ref-type="media"}). Using inverted brightfield microscope with low magnification and high numeric aperture objective (20×/0.75), we simultaneously observe sperm cells near the bottom walls of four channels. The field of view was 850×675 μm located in the middle of the 5 mm channels' span. The width of the microchannels was chosen comparable to the length of human sperm at 60 μm and the height of the microchannels was 100 μm. All the measurements were conducted at the bottom wall of the channels. We have visually observed that the behaviour of the cells at the upper wall has been symmetric to that at the lower wall where the measurements have been conducted. From this point we will be referring to the channels as two-dimensional, keeping in mind that the observations are constrained to the lower wall of the rectangular cross section.Figure 1Microfluidic device for quantitave investigation of cell-cell interactions. (**a**) Schematic view of the device: cells from the sample chamber are guided into the intermediate chamber by one-way channels and then get into rectangular microchannels. Spermatozoa observation was performed simultaneously at bottom walls of the 4 channels by inverted brightfield microscope with 20×/0.75 objective, creating a field of view of 850×675 μm; (**b**) schematic view of cells at the entrance of a channel: cells get into channels from top and bottom planes and start forming the "four-lane" pattern; (**c**) different swimming modes of spermatozoa in the channels coded in color; (**d**) schematic view of differences between right -- turning and left -- turning behavior: in right -- turning mode the average angle between the midpiece and the head of the cell is close to zero, however in left -- turning mode this angle has a notable value^[@CR27]^.

When displaying rheotactic behavior, human sperm cells have been shown to swim in two kinematically distinct modes differing in their turning direction^[@CR27]^. As these modes strongly correlate with the angle between cell's mid-piece and the head, we assume that they also exist in the absence of any fluid flows and determine cells' turning direction when following a flat wall. Classification of all types of cells in the microchannels (swimming forward and return with right-turning and left-turning behavior) is coded in cells' color and is shown in Fig. [1c,d](#Fig1){ref-type="fig"}. To quantitatively analyze cell-cell scattering behavior on each frame in each channel, we have calculated the linear concentration **n** of cells per unit length of a microchannel. Cell concentration has been non-dimensionalized by the inverse cell length **n**~**0**~, i.e. the concentration at which cells can be placed in corners at equal spacing without intersecting. Statistics of cell swimming directions was separately calculated in six equal ranges of cell concentration. Since the length of a human spermatozoon is about 60 μm (5 μm head and 55 μm flagellum)^[@CR1]^, the base concentration of cells in the microchannels **n**~**0**~ = 33 cells/mm. To assess the degree of asymmetry in the distribution of cells an enrichment index $\documentclass[12pt]{minimal}
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                \begin{document}$${P}_{2}$$\end{document}$ are the probabilities of finding cells in the half of the channel close to the right or left corner according to the forward direction as indicated in Fig. [2b](#Fig2){ref-type="fig"}. The enrichment index was calculated for cells swimming in forward and return directions separately. To get the dependence of the enrichment index on cell concentration, the total of 41 experiments with samples obtained from two healthy donors have been performed. For each concentration, at least three experiments were made and in each channel at least 918 individual cell trajectories have been analyzed. From all the data, only those channels were analyzed where the average number of cells in two halves of the channels differs by less than 10%. Higher difference indicates that the numbers of cells swimming in the opposite directions are not similar which may affect the swimming pattern.Figure 2Cells distribution on a bottom wall of a rectangular microchannel indicates «four-lane» self-organization pattern. (**a**) Three time-lapse images showing that human sperm cells prefer to swim in the right corner of a rectangular microchannel and form chains that move in one direction, circle's color indicates cell's swimming mode, scale bar is 30 μm; (**b**) histograms of sperm cells average distribution across the channels during 6 experiments where cell concentration was **n** \~ 1.8\***n**~**0**~, colors of the bars indicate the swimming modes, error bars - standard errors; (**c**) enrichment index $\documentclass[12pt]{minimal}
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                \begin{document}$${R}_{{eff}}$$\end{document}$ as a function of cell concentration for cells swimming in forward and return directions indicates the difference between the number of cells in two halves of the channels, each point represents at least 3 experiments where more than 918 individual trajectories in four channels were analyzed, error bars indicate standard errors.

Cell-cell interactions in the corners of the channels lead to the formation of a specific pattern of cell distribution (Fig. [2](#Fig2){ref-type="fig"}, supplementary video 1--3). Cells prefer to swim in the right corner of the channel relatively to their swimming direction. Similar behavior was reported previously for E.coli bacteria^[@CR50]^. This happens because bacterial cells swim in a clockwise manner and only exhibit the right-turning mode. On contrast, different sperm cells display both left-turning and right-turning behavior. At low concentrations, when **n** \< **n**~**0**~ the cells do not have a preferred swimming pattern and occupy corners evenly. This is in a good agreement with the previous study^[@CR27]^ where we have shown that the number of left-turning and right-turning cells is close. However, at higher concentrations cells start organizing a well-defined direction of motion in each corner and form a specific pattern of cell distribution (Figs. [2b,c](#Fig2){ref-type="fig"} and [S3](#MOESM1){ref-type="media"}). This pattern is the same in all the channels for cells from different donors. The effect is the most pronounced at cell concentration **n = 1.8 \* n**~**0**~ when the enrichment index is R~eff~ = 35--40% depending on the direction of cell motion. At higher concentrations of cells, the enrichment index decreases up to 15--20% when the concentration becomes **n = 3.9 \* n**~**0**~. Enrichment indices for different directions slightly differ due to longer travelling way to the observation point for the returning cells. The slight change in the enrichment index does not affect the organization of cell flows.

To study the characteristics of the cells' swimming pattern at different concentrations, we have analyzed their average velocity across the channel and its projection on the channel's axis (Figs. [3a,b](#Fig3){ref-type="fig"} and [S4](#MOESM1){ref-type="media"}). At low concentrations, the cell speed across the channels is uniform, however, as cell concentration increases, the speed in the center of the channel decreases. It shows that less motile cells are displaced from the corners of the channels due to cell-cell interactions. This fact is in agreement with the previous study where it was shown that cells moving in the corners of the microchannels have less DNA fragmentation and therefore are more fertile^[@CR31]^. The projection of average sperm velocity on the channel's axis shows in more details the structure of the cell-moving pattern. It can be named "four-lane" traffic resembling a four-lane road, where the direction of motion in a specific line is carried out in the opposite direction to the neighbor lines (see Fig. [3b](#Fig3){ref-type="fig"}). According to this pattern the symmetric cells with the flagellum attached to the cell body along the axis, mainly move in the opposite corners of the channels. The asymmetric cells with the flagellum attached to the head at an angle, move along the sidewall just off these corners in the opposite direction as illustrated in Fig. [1b](#Fig1){ref-type="fig"}. This "four-lane" pattern only appears when the number of cells is enough for effective cell-cell scattering and is not formed at low concentrations when cells are not interacting.Figure 3Properties of the «four-lane» swimming pattern. (**a**) Spermatozoa average speed across the channels indicate that at high concentrations less motile cells are displaced from the corners; (**b**) average velocity along the channels specify the «four-lane» pattern: cells in each line swim in the opposite direction to the neighbor lines; (**c**) distribution of cell-cell distance at different concentrations; (**d**) six time lapse images showing an example of a scattering event, the scale bar is 30 μm. Error bars indicate standard errors.

To understand why such swimming behavior appears, we have grouped all cells into pairs of nearest neighbors and calculated distributions of distances between their heads (Fig. [3c](#Fig3){ref-type="fig"}). The distribution strongly depends on the cell concentration and has two maxima. The first one is in the range 13--32 μm depending on the concentration while the second one is about 60 μm, which is close to the channel's width. At low concentrations, maximum at 60 μm dominates but at higher concentrations maximum at 13--32 μm prevails. To figure out the meaning of such cell distributions, we note that when the number of cells is low, they swim mostly individually in the corners. Thus, the maximum of the distribution function at 60 μm corresponds to the distance between cells swimming in different corners of a channel. At higher concentrations, the cells start interacting with each other in the corners and form chains moving in one direction (Fig. [2a](#Fig2){ref-type="fig"}). Therefore, the maximum at 13--32 μm corresponds to the most probable distance between cells swimming in the same corner of a channel. The distance between cells in a corner is determined by cell-cell and cell-surface interactions. These interactions could be carried out by hydrodynamic and contact forces^[@CR41],[@CR51]^. According to the "four-lane" flow pattern and the distribution of cells in channels (Fig. [2](#Fig2){ref-type="fig"}) we suggest that spermatozoa moving in corners in the same direction mainly interact hydrodynamically although cells moving in opposite directions scatter by contact collisions (Fig. [3d](#Fig3){ref-type="fig"}). To consider the influence of hydrodynamic forces on cell-cell distance, we should take into account flow fields generated by sperm cells. The structure of these flow fields is similar to flow fields generated by other pusher microorganisms such as E.coli and can be described by a simple force dipole model^[@CR41],[@CR42]^. Numerical simulations show that near a corner there is a potential well for pushers that induce their accumulation in corners^[@CR30]^. For cells that swim head-to-tail in a corner, hydrodynamic interaction is repulsive, therefore it causes a formation of cell trains moving in one direction. At high concentrations **n** $\documentclass[12pt]{minimal}
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                \begin{document}$$\ge $$\end{document}$ **2.5\*n**~**0**~ the optimal distance between the cells saturates at 12--15 μm. Such behavior can be explained by a repulsive force that exceeds corner attractive force and pushes less motile cells out from the corner. This leads to a decrease of the enrichment index (Fig. [2c](#Fig2){ref-type="fig"}) and average cells speed in the center of a channel at high cell concentration (Fig. [3a](#Fig3){ref-type="fig"}). Moreover, this repulsive force pushes the cells from the bottom wall to the bulk and sidewalls of the channels, which leads to an increment of the number of observed out-of-focus cells (Fig. [S2](#MOESM1){ref-type="media"}).

Self-organized spermatozoa swimming pattern indicates that due to cell-cell interactions, the cells with left-turning behavior can change the turning direction and integrate into a stream of right-turning cells. Such changes of turning behavior may be caused by nonlinear instability in flagellum dynamics^[@CR52]^. To investigate the stability of this transition we have captured and analyzed trajectories of individual sperm cells after the end of the channels at the cell concentration **n \~ 1.3\*n**~**0**~ in three experiments (Fig. [4](#Fig4){ref-type="fig"}). It turned out that 30% and 17% of cells swimming in the right and left corners respectively change their turning direction after the end of the channels (Fig. [4a](#Fig4){ref-type="fig"}). This shows that left-turning cells are less stable in the corners and leads to increasing the number of cells, swimming in the right corner and to formation of observed asymmetric pattern of the cell flows. After passing the channel and getting into the chamber, some of the cells from the main flow in a right corner display their original (left) turning direction (Fig. [4b](#Fig4){ref-type="fig"}). Smaller number of cells that moved in the left corner display the right turning direction (Fig. [4c](#Fig4){ref-type="fig"}). This confirms that the position of the left-turning cells in the corners is less stable. On the contrary, cells with right-turning behavior are more stable and rarely swim in left corners.Figure 4Individual trajectories of sperm cells after the end of a channel. (**a**) Distribution of cells turning behavior when leaving the channels indicates that cells in the right corner more often have the turning direction, typical for the left corner. Distributions are based on three experiments, error bars indicate standard errors and are less than 1%; (**b**) trajectories of the cells leaving the right corner of a channel; (**c**) trajectories of the cells leaving the left corner of a channel.

Conclusions {#Sec3}
===========

We have quantitatively investigated human spermatozoa swimming behavior on the bottom walls and in the corners of rectangular microchannels as a function of cell concentration. Our results demonstrate that while the total number of cells swimming in the forward and return directions is similar, when the number of cells exceeds a certain value they start forming oppositely directed cell flows in the corners of a channel and a "four-lane" swimming pattern on the walls. In all the channels cells prefer to swim in the right corner according to the swimming direction. Self-organization of such swimming pattern occurs due to cell-cell interactions in the corners of a channel. At low concentrations, when the cells swim mostly independently, the number of cells in the right and left corners of the channels is similar. When the concentration increases, the asymmetric flow pattern begins to appear. Maximum asymmetry occurs at the cell concentration **n = 1.8\*n**~**0**~ when the most probable distance between the heads of the nearest cells becomes 20 μm, a third of their length. At such intercellular distances, human spermatozoa overlap and start repelling hydrodynamically. The asymmetric left-turning cells are being pushed out of the corner more frequently than the right-turning symmetric cells thus leaving the symmetric cells to define the mean direction of motion in the corners. When the concentration of the cells increases further, the distance between cells' heads decreases to 12--15 μm so that all types of cells leave the corners, which leads to reduction in the enrichment index and formation of the less pronounced flow pattern.

In the contest of natural reproduction, our results show the importance of cell-cell interactions for spermatozoa swimming behavior. In the highly folded epithelium of a reproductive tract, such interactions may become an additional instrument for selection of highly motile spermatozoa as less motile asymmetrically-shaped cells can be pushed away from the surface by such interactions. These rejected cells might have high DNA fragmentation^[@CR31]^ and move with a lower speed, having lower chances to reach and fertilize the egg.

Materials and methods {#Sec4}
=====================

Device fabrication {#Sec5}
------------------

Microfluidic devices were made using standard soft-lithography process. The single-layer mold was produced using SU-8 2075 (MicroChem Corporation) on a silicone wafer by optical contact lithography with a plastic mask. The microfluidic chip was cast from polydimethylsiloxane (PDMS) (Sylgard 184; Dow Corning). The PDMS prepolymer and the curing agent were mixed in a ratio of 10:1 w/w, degassed, poured into the mold and cured at 65 C for 4 h in an oven. After that, PDMS replica was detached from the mold, inlet and outlet holes were punched and it was bonded with a cover glass slide after oxygen plasma treatment. Before the experiment the channels were filled with medium. After sample injection the inlets were sealed by metal stubs thus there were no fluid flows in the channels of the device.

Sample preparation {#Sec6}
------------------

We used the sample preparation protocol similar to our previous work^[@CR27]^. The medium for filling the microfluidic devices was based on a standard Earle's Balanced Salt Solution, which is commonly used for IVF procedures^[@CR53]^. It contains 66.4 mM NaCl, 5.4 mM KCl, 1.6 mM CaCl~2~, 0.8 mM MgSO~4~, 1 mM N~2~H~2~PO~4~, 26 mM NaHCO~3~, 5.5 mM [D]{.smallcaps}-Glucose with pH 7.1--7.8 supplemented with 2.5 mM Na pyruvate as an energy source for sperm cells^[@CR54]^ and 0.2% wt serum albumin to prevent sticking of cells on the channel walls.

Human sperm samples from two healthy undisclosed normozoospermic donors were obtained from the Urology Clinic of the First Pavlov Medical University of St. Petersburg. Donors provided informed consent in accordance with the regulations of the Ethical Committee of St. Petersburg Academic University, which granted approval to this research under record number 04/14. The ejaculated samples were incubated at 37 °C for 1 h before injection into the sample chamber of the device. Motile cells fill two chambers and the experimental channels between them within 10--20 min by passing the one-way filtration channels.

Microscopy and experimental procedure {#Sec7}
-------------------------------------

To analyze the swimming pattern of sperm cells moving in the opposite directions, we used a Nikon TE2000U inverted microscope with brightfield illumination (20×, NA 0.75 objective, Edgertronic SC1 camera at 50 fps, 5000 frames). The field of view (normally 850×675 μm) was selected in the central part of the channels and contained four identical channels on each frame. The focal plane was set slightly above the bottom wall of the channels, thus all the cells on the wall were seen as dark spots. The cells that were above the focal plane were seen as bright spots. The individual trajectories of spermatozoa on the captured videos were reconstructed by applying a custom-made particle-tracking algorithm. Cell recognition was performed by an algorithm described in^[@CR55]^. Detailed videos of cell-cell scattering events were captured with an 40×/NA 1.3 objective and Edgertronic SC1 camera (500 fps).
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